In this paper, we report on ROSAT Position Sensitive Proportional Counter (PSPC) observations of 27 nearÈmain-sequence B stars made with unprecedented sensitivity. Contrary to the results of previous surveys, it is found that 75% of the sample stars are X-ray sources, albeit most at modest levels. The X-ray luminosities of the program stars range from 5.6 ] 1027 up to 2.2 ] 1032 ergs s~1. We Ðnd that decreases abruptly beyond about B0 and stabilizes at
INTRODUCTION
Most stars are X-ray sources, with one of two X-ray production mechanisms operating : wind shocks in O and very early B stars (B0 and B1), and coronal emission in late-type stars. The level of X-ray emission is expected to decrease sharply in intermediate spectral types (mid-B to mid-F), where neither strong stellar winds nor convection-driven coronae are thought to exist. However, several recent observations have shown low to moderate levels of X-ray emission and UV chromospheric activity in a few stars in this intermediate spectral range et al. (Schmitt 1993 ; & Schmitt Matthews, & Linsky Bergho fer 1994a ; Walter, Ferrero et al. The transition from the 1995 ; Freire 1995). shock-generated X-rays of O and very early B stars to the widely varied X-ray properties of mid-B stars (considered in this paper to be roughly B3 and later) is poorly understood, and its deÐnition is the purpose of this paper. To accomplish this, we obtained pointed ROSAT Position Sensitive Proportional Counter (PSPC) observations of 27 nearÈ main-sequence B stars (luminosity classes III, IV, and V, referred to as "" B V stars ÏÏ) ranging in spectral type from B0, which have strong stellar winds, to B7, which are predicted to have very weak winds. We modeled these data to see if the wind-shock paradigm can explain the observed X-ray properties of B V stars and to what extent other mechanisms must be invoked to explain the observational data.
General Properties and Stellar W inds of B V Stars
Several interesting classes of stars exist among B V stars, and the processes that occur in these objects may be rele-vant to the generation of X-ray emission both in these subclasses and in B V stars in general. Photospheric pulsations are known to occur in many B stars, including, but not limited to, b Cephei variables & (Smith 1980 ; Waelkens Rufener & Jerzykiewicz Emission-line 1985 ; Sterken 1993) . (Be) stars have disks and active photospheric and mass ejection episodes, and rapid rotation appears to play a crucial role in the Be phenomenon. Among the mid-and late-type B stars, several categories of chemically peculiar stars exist, and some of these have very strong (B D 1 kG) magnetic Ðelds
The relevant propertiesÈpulsation, (Bohlender 1994) . rapid rotation, and possibly magnetic ÐeldsÈalso exist to one extent or another in normal B V stars. All of these properties have implications for X-ray emission processes in B V stars, both those involving wind shocks and those that do not. Pulsation, rotation, and episodes of strong and variable mass ejections could all a †ect wind-shock mechanisms, while rotation and magnetic Ðelds are prerequisites for coronal activity.
Winds in early-type stars are driven by radiation pressure acting on many spectral lines. This theory has been very successful in describing the time-average properties of O and very early B stars et al. (Abbott 1982 ; Kudritzki 1992 ), but the application of radiation-driven wind theory to B V stars is problematic. Making accurate calculations of radiation pressure in these lower density winds is difficult because the ionization balance is relatively unconstrained by observations, and the calculations give widely divergent results. If X-ray photoionization is as important as the calculations indicate Cohen, & Wang (MacFarlane, 1994) , then the high-ion lines that have been commonly observed in the UV in B V stars (C IV, N V, and Si IV) may be present only in trace amounts. If this is so, then UV absorption-line data for B V stars would not yield any useful constraints on the wind properties.
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Although spherically symmetric, time-independent models are often computed, and generally provide good agreement with the observed time-average properties of the strong winds of O stars, variability is seen in the optical and UV wind spectral lines of many of these objects. This variability includes large-scale activity evidenced as discrete absorption components (DACs) that remain coherent for many hours as well as smaller scale, faster variability (e.g., et al. et al.
The line shapes of Massa 1995 ; Kaper 1996) . saturated P Cygni proÐles imply that the stellar winds have nonmonotonic velocity Ðelds and comparisons (Lucy 1983) , of the IR and radio excesses show that some O stars have clumpy winds & Blomme Taken together, (Runacres 1996) . these observations indicate that radiation-driven winds are time dependent with variability, on both long and short timescales, and structure, on both large and small spatial scales, in which signiÐcant amounts of energy may be dissipated. Such observations in B V stars are much rarer because of the low densities of their winds, but presumably similar types of variability exist in the winds of these objects too.
W ind Shocks and X-Rays
The line-driving mechanism in winds is inherently unstable & Solomon and this radiation-force (Lucy 1970) , instability has been explored numerically in recent years Castor, & Rybicki (Owocki, 1988 ; Cooper 1994 ; Feldmeier Numerical simulations that allow instabilities to 1995). grow from very small seed perturbations produce shorttimescale stochastic variability and indicate that many shocks form throughout the wind Some of (Cooper 1994) . these shocks have jump velocities of several hundred km s~1, heating plasma to temperatures up to D10 ] 106 K (D10 MK), although most shocks in the simulations are weaker. Shocks may be even stronger, and periodic, if largeamplitude photospheric sound waves are assumed as an ad hoc perturbing agent Puls, & Pauldrach (Feldmeier, 1997b) . And, in general, as & Cassinelli have MacFarlane (1989) demonstrated, given arbitrary freedom to assign boundary conditions, wind shocks of very high temperatures and emission measures can be produced. Although the radiation-force instability is the most commonly investigated mechanism for generating wind shocks, it is by no means the only one. For example, the large-scale variability represented by DACs cannot be explained by the radiationforce instability, but modeling suggests that they may be explained by corotating interaction regions (CIRs) that can lead to wind shocks and X-ray emission also (Mullan 1984 ; & Owocki Cranmer 1996) . The numerical calculations of the radiation-force instability have been performed primarily for O supergiants. These show that shocks formed directly by the line-force instability mechanism produce 1È2 orders of magnitude too little hot gas et al. (Cooper 1994 ; Feldmeier 1995 ; However, collisions between dense shells farther out 1997b). in the wind Ñow can produce roughly the correct amount of X-ray emission in the very dense winds of O supergiants if large photospheric perturbations are included as a lower boundary condition et al. The applica-(Feldmeier 1997b ). tion of the instability mechanism itself and the secondary shell collisions to B V stars is uncertain, however, because of their very low wind densities. For very late main-sequence O stars and early-B bright giants et (Cooper 1994 ) (Cohen al. which have wind densities about 100 times less 1996), than O supergiants but signiÐcantly greater than B V stars, the shocks generated within a few stellar radii of the photosphere by the line-force instability mechanism can account for the observed X-ray Ñuxes. The numerical simulations tend to produce temperature distributions in the postshock gas that are weighted toward lower temperatures, which is generally in accord with observations et al. (Cohen 1996) . Besides the overall X-ray Ñux levels and derived temperature distributions, the degree of wind attenuation of X-rays is another observational test of the applicability of wind-shock models to early-type stars. Recent moderateresolution observations show evidence for wind attenuation of the X-rays consistent with the predictions of the windshock model et al. Cassinelli 1981 ). Ultraviolet Explorer (EUV E) and ROSAT data from v CMa (B2 II) show that only about 20% of the EUV emission and 80% of the X-ray emission emerge from the stellar wind without being absorbed et al.
Because of the (Cohen 1996) . precipitous decline of the mass-loss rate with decreasing e †ective temperature, very early B V stars should have winds that are only marginally optically thick to X-rays. And stars later than about B1.5 should have winds that are optically thin down nearly to the photosphere. This means that the observed X-rays from B V stars sample almost all of the wind, not just the extreme outer layers as is the case for X-ray observations of O stars.
X-Ray Properties of Early-Type Stars
Both the Einstein and ROSAT all-sky surveys have shown that nearly all O stars are X-ray emitters, but that only about half of very early B stars and a handful (D5%) of mid-and late-B stars are detectable X-ray sources Harnden, & Sciortino et al. (Chlebowski, 1989 ; Grillo 1992 ; (1994, That study showed that X-ray luminosities Paper I). decrease rapidly from B0 to B3 and that B V stars have generally softer X-ray spectra than O stars. This result suggests that the low-detection rates of B stars in the all-sky surveys were due to both their short exposure times and the signiÐcant interstellar medium (ISM) attenuation toward most B stars.
Although decreases for stars later than B0, it does not L X decrease as rapidly as would be expected by standard radiation-driven wind theory. It is possible that the theory systematically underestimates the mass-loss rates for B V stars or that some nonwind X-ray production mechanism takes over from or augments wind shocks as one looks to later B spectral subtypes
The X-ray all-sky (Paper I). surveys and subsequent pointed observations show that a few mid-and even late-B stars are relatively strong X-ray sourcesÈconceivably stronger than could be explained by wind shocks. Binarity does not account for the X-ray emission in all of these systems & Schmitt (Bergho fer 1994a), and there is some suggestion that youth is associated with their X-ray activity et al. & Hummel (Schmitt 1993) . Dachs Ðnd that many Bp/Ap stars in the young open cluster (1996) NGC 2516 are X-ray sources. There are also indications that coronal/chromospheric activity persists to spectral types even earlier than the theoretical cuto † of convective envelopes et al. Ferrero et al. (Walter 1995 ; Freire 1995) . The X-ray emission from early-type stars is generally observed to be constant in time, although most observations to date have been brief, with long-timescale variability being very poorly sampled if at all. In only two cases (excluding mass transfer binary systems), increases in X-ray luminosity of more than 30% have been detected in normal O and very early B stars : in the O supergiant f Ori & Schmitt and in the Be star j Eri (Bergho fer 1994b) (Smith et al. The lack of strong X-ray variability among 1993). these stars implies that there are many sites of emission in the wind or in coronal structures at any one time. It has been suggested that roughly 1000 separate angular sections of the stellar wind have to be independently undergoing shock activity in order to provide a globally constant X-ray Ñux in O supergiant data et al. (Feldmeier 1997b) . The purpose of this paper is to deÐne the X-ray properties of B V stars in the region of the H-R diagram where radiation-driven winds are fading and nonwind X-ray activity may be beginning. To do this, we reanalyze the ROSAT PSPC observations of the 11 B V stars already presented in by using a more realistic wind-attenuation model Paper I et al. in some cases including additional data (Cohen 1996) , obtained since the publication of that paper, and present data on an additional 16 stars. We will use the ROSAT data to address the following questions : (1) How do the X-ray properties of very early B stars compare with those of O stars ? (2) Can the decrease in X-ray activity between B0 and B3 be understood entirely within the context of radiationdriven wind theory ? (3) How does the inclusion of wind attenuation in the X-ray models a †ect the derived X-ray properties, including (4) How much evidence is L X /L Bol ? there for the magnetic ÐeldÈrelated X-ray activity seen in late-type stars and hinted at in a handful of mid-and late-B stars ? (5) Do mid-B V stars have a combination of X-rayÈ producing mechanisms operating ? (6) Are the X-ray properties of Be stars and b Cephei variables di †erent from those of normal B V stars ? 2. SAMPLE STARS Our sample contains 27 stars with spectral types between B0 and B7 and luminosity classes V, IV, or III. Near the top of the main sequence, the di †erence in luminosity between main-sequence stars and giants is less than an order of magnitude. We therefore refer to this range of luminosity class as "" nearÈmain-sequence,ÏÏ and to nearÈmain-sequence B stars as "" B V ÏÏ stars. The luminosities of the stars in the sample range from 300
to 4 ] 104 as compared with
for k Col (O9.5 V) and 106 for f Pup. The L _ L _ luminosities of the B V stars are signiÐcantly sub-Eddington whereas those for O stars can be a signiÐcant frac-([5%), tion of the Eddington luminosity
The mass-loss ( [ 50%). rates of the stars in our samples are predicted to be in the range of a few times 10~12 yr~1 to a few times 10~8 M _ yr~1, whereas the mass-loss rates of O stars range from M _ about 10~7 yr~1 to more than 10~5 yr~1. The M _ M _ stars and several of their observed characteristics are listed in Table 1 .
It is important that we use as homogeneous and consistent a set of stellar and wind parameters as possible for our sample stars. When making comparisons among the stars, we must be sure that trends of observed X-ray properties with spectral type or individual stellar parameters are real and not due to random or systematic errors in the determination of the stellar properties. It is very difficult to obtain accurate stellar and wind parameters for a large sample of early-type stars. Wind parameters are especially difficult to ascertain for B V stars because the UV lines only weakly manifest the presence of winds, and very uncertain ionization corrections are needed to convert these observational data into mass-loss rates. Therefore, it is imperative that we use consistent methods and sources for determining the values of the stellar parameters, even if this results in less than fully accurate values.
To accomplish this, we take spectral types and luminosity classes from just two sources in the literature Gar- (Hiltner, rison, & Schild We then use these spectral 1969 ; Lesh 1968). types to infer e †ective temperatures, radii, and masses from the calibration of & Kuriliene This caliStraizys (1981) . bration of stellar properties with spectral type is based on several other calibrations of e †ective temperature and absolute bolometric magnitudes taken from the literature combined with evolutionary masses. The mass calibration thus derived disagrees by as much as 20% with other calibrations that are based on spectroscopic analysis. However, we have chosen to use the evolutionary masses because the spectroscopic masses are suspect (because of known problems with plane-parallel atmosphere models of hot stars ; see, e.g., Garmany, & Shull Vacca, 1996) . From these adopted stellar parameters, we derive the basic wind parameters, and These values are calcu-M 0 v = . lated using the "" cooking formula ÏÏ of et al. Kudritzki (1989) , which includes the Ðnite cone angle e †ect and is based on the a, k, d line-force parameterization pioneered by Castor, Abbott, & Klein We take the values of the three (1975). line-force parameters from the tabulation of Abbott (1982) . Although these line-force parameters are no longer considered to be very accurateÈbecause of the neglect of X-rays in the nebular approximation used to calculate ionization and excitation conditionsÈthey are the best that are currently available for B V stars. The validity of the wind properties implied by these adopted line-force parameters will be discussed in in light of the X-ray properties we°6 derive.
As mentioned above, the wind models and the interpretation of observations both have a high degree of uncertainty due to the lack of knowledge about the wind ionization conditions. In the cases where stellar parameters have been assigned via detailed studies, we have compared these values with our adopted ones and generally Ðnd good agreement. By determining the stellar parameters in a consistent and uniform way, we can be fairly sure that the relative values of the parameters are accurate. The derived stellar and wind parameters for our sample are listed in Table 2 . Most of the sample stars are B3 or earlier, with only four stars B4 or later. As we will show, the X-ray properties change signiÐcantly between roughly B1 and B3. In order to emphasize this dichotomy, we refer to B0 and B1 stars as "" very early B stars ÏÏ throughout this paper, and stars B3 and later as mid-B. We chose the objects in our sample based primarily on the criterion that the interstellar column densities are very low cm~2, corresponding to (N H [ 1020 an optically thin interstellar sight line above 200 eV). We also took proximity, the existence of a large amount of observational data at other wavelengths, and the need to include several di †erent special categories of stars into account when choosing our sample stars. We must stress that this sample is neither a random magnitude-limited data set nor a volume-limited data set. It contains many of the nearby early-and mid-B V stars, but it excludes many others, mostly, but not exclusively, because of high ISM column densities. However, the sample should be relatively representative because X-ray emission properties were not a criterion for selecting the program stars.
The observational sample includes three special categories of stars : b Cephei variables, Be stars, and stars with anomalous wind properties. There are four b Cephei variables in the sample : a Vir, j Sco, b Cen, and m1 CMa. The b Cephei variables lie in a strip above the main sequence, extending between spectral subtypes B0 and B3 and luminosity classes V and III. They often show multiple periods, between 4 and 7 hr. Their light curves lag behind their radial velocity curves by a quarter of a period, indicating that they are most luminous when their radii are smallest. This behavior can be explained as a periodic change in e †ective temperature, typically of a few hundred kelvins & Jerzykiewicz to the equatorial regions & Cassinelli (Bjorkman is a consensus that rapid rotation plays some 1993)Èthere role in generating or sustaining their disks. The possibility of magnetic activity, the concentration of matter into the equatorial plane, and the interaction of the stellar wind and the disk all have implications for the generation of X-ray emission in Be stars.
The sample stars q Sco, h Car, and m1 CMa all have stronger winds than other stars of their spectral subtypes. This has been determined from the study of UV line proÐles Parker, & Nichols While m1 CMa is also a (Walborn, 1995) . b Cephei variable and h Car is chemically peculiar, q Sco is unusual in several ways. It shows evidence of redshifted absorption in several high-ion UV lines, possibly indicating the presence of infalling material & Rogerson (Lamers It may be extremely young, having been determined 1978). by to have arrived on the main sequence less Kilian (1992) than one million years ago. It has a very low projected rotational velocity, indicating that it is viewed almost poleon, and it has several near-infrared Brackett lines in emission, suggesting that it might be a Be star with a weak disk (albeit without Ha in emission) seen pole-on et al. (Waters Both youth and enhanced wind activity might a †ect 1993). X-ray production. These characteristics will be discussed later in the context of this starÏs unusual X-ray properties.
Of the 27 B V stars in the sample, observations of 11 of them have been reported on in For several of these Paper I. objects, additional ROSAT data have been obtained since then and are included in the analysis presented in this paper. For all of these 11 stars, we have reanalyzed the X-ray spectra using new, more realistic models that will be discussed in
The 16 new stars are primarily of later°5. spectral subtypes (B2ÈB7).
DATA
All of the observations reported in this paper were made with the ROSAT PSPC and were obtained as part of NASAÏs guest observing program, cycles 1È4. Many of the 27 stars were observed more than once, with observations sometimes spanning several years. Details are supplied in Note that many of the stars reported on in Table 3 .
Paper I have been reobserved since that paper was published.
The ROSAT telescope mirrors, in combination with the PSPC instrument, have an on-axis spatial resolution characterized by a FWHM B 25A. The PSPC is a proportional counter with a spectral resolution of E/*E \ 2.3 at 0.93 keV that increases with photon energy as E/*E P E1@2. The sensitivity of the telescope and detector is excellent, with low and well-understood background levels (see Tru mper and et al. for descriptions of the 1983
Pfe †ermann 1986 telescope and detector).
For observations of three stars (a Vir, b Cen, and g UMa), we used the boron Ðlter on the PSPC. This Ðlter blocks transmission above the K-shell edge of boron at 188 eV. When such observations are combined with unÐltered observations, it e †ectively divides the softest PSPC band into two sections, increasing the spectral resolution of the instrument.
We performed all of our data reduction with the MIDAS/ EXSAS software. Sources were extracted using circular a The methods used for determining the upper limits are described in the text. BrieÑy, "" Ðxed ÏÏ and "" visual ÏÏ refer to the upper limits determined by Ðxing the location on the detector of the purported source, whereas "" free ÏÏ refers to the limits determined by a maximum likelihood search of the central region of the detector.
b Combined cycle 1 and cycle 3 data sets. c Cycle 1 data. d Cycle 3 data. e Open exposure ; boron Ðlter not employed. f Boron Ðlter exposure. g Due to blending with another X-ray source, these are estimates.
regions with radii determined by visual inspection or the radial intensity proÐles. When "" ghost images ÏÏ & (Nousek Lesser were present, we used a source circle large 1993) enough to encompass them, usually having a radius of 6@. The background spectra were sampled from annuli surrounding the source-extraction circle, unless other point sources were present in this area. In those cases, we sampled the background from a source-free area near the center of the Ðeld.
For stars that were not detected at least at the 3 p level, we calculated an upper limit to the count rate in two of three di †erent ways. The Ðrst is based on the application of the standard extraction procedure using an extraction cell location corresponding to the starÏs coordinates ("" Ðxed ÏÏ). The second is similar to the Ðrst, but the location of the source extraction cell was chosen based on a visual inspection ("" visual ÏÏ). For both of these methods, we performed a background subtraction, just as we did for the detections, and we list in the count rate and 1 p uncertainty. Table 3 The third method involves the maximum likelihood estimator implemented in the EXSAS task compute/upper. For this procedure ("" free ÏÏ), we allowed the task to search within 100A of the center of the detector, unless there are other identiÐed, bright sources nearby, in which case we truncated the search radius to the value indicated in the table.
The source extraction procedure for both detections and nondetections was straightforward to apply to all of the stars except k Eri. This object presented a difficulty because it lies about 30A away from a brighter source, causing its detected image in the ROSAT PSPC to be blended with the other source. We therefore extracted the k Eri source counts from a region that we deÐned by eye. This extraction is probably subject to contamination by photons from the other source, with an estimated 10%È40% of the extracted counts due to this other source. We analyze k Eri in with°5 the other detections, but the luminosity and spectral characteristics we derive are subject to larger uncertainty than the other stars. A follow-up observation with the ROSAT HRI will be discussed in a future paper.
The time variability of the eight brightest objects in our sample is discussed in Appendix A. As reported there, we Ðnd low-level variability in only two of these eight stars and are able to put upper limits of less than 10% on the variability amplitudes of many of the other stars. This lack of dramatic X-ray variability is in line with previous high signal-to-noise ratio observations of O stars and justiÐes Ðtting the complete ROSAT data set of each star as a single spectrum.
ARE OBSERVED X-RAYS INTRINSIC TO B V STARS ?
We must now ask whether all of the observed X-rays really originate on the B V stars or whether it is possible that some of the detections are due to binary companions. Answering this question is not as straightforward as it might seem. It is impossible to rigorously prove that a given star does not have a binary companion, but at the same time much of the data on binarity of early-type stars is suspect because accurate radial velocity determinations are difficult to make for broad-lined stars.
In general, binaries fall into two categories, depending on their separation and method of detection. The binaries with the smallest separations manifest themselves as spectroscopic binaries : the companion is too close to the primary to be visually resolved, but the orbital motion of the primary is dramatic enough to cause detectable periodic variation in the radial velocity of spectral features of the combined spectrum. The binaries with large separations can be detected as visual binaries : they can be resolved spatially in optical observations. In this case, an estimate of the magnitude di †erence, and sometimes the spectral type of the companion, can be made. In this discussion, it is important to keep in mind that the spatial resolution of ROSAT is much poorer than that of optical telescopes, and so a binary system with components that can be visually resolved may be completely unresolved in a ROSAT observation. It is also important to keep in mind that triple systems and even systems with more than three gravitationally bound stars are not unknown.
We only have to worry about contamination of the X-ray spectrum by a purported binary companion if the companion is likely to be an X-ray source with a luminosity comparable to that of the primary. Because stars from mid-B to mid-F are not generally strong X-ray sources, we do not need to be concerned about contamination by companions that are only a few magnitudes fainter than the B V stars in question. Such companions may contribute a few percent to the observed X-ray Ñux, but this will not a †ect our analysis of the X-rays from the B V star primary. At least four of our sample stars fall into this category : a Vir, b Cen, j Sco, and p Sgr all have companions that are nearly as bright as the primaries Brown, Davis, & Allen There are (Hanbury 1974). several others with companions just a few magnitudes fainter than the primaries & Jaschek We can (Ho †leit 1982) . assume that in most of these cases, no more than a small fraction of the X-rays detected are due to binary companions.
For close binaries in our sample, we have no evidence of mass transferÈrelated X-rays, nor is there reason to expect X-rays from wind-wind collisions in B V stars. Several stars in our sample have visual companions with separations greater than 25A, which is the FWHM spatial resolution of the ROSAT PSPC. These stars include m1 CMa, d Cen, k Cen, a Ara, and a Pav. It is interesting to note that in the case of m1 CMa only, the companion is detected in our ROSAT observations. This is an indication that even when companions are known to be present, they very well may not be strong enough X-ray sources to contaminate the B V starsÏ data.
Thus, many of the sample stars are likely to be uncontaminated by X-ray emission from binary companions, but some undetermined sample members are likely to have XrayÈemitting late-type companions. This leads us to ask the following : what type of binary companions might be likely to lead to contamination of the B V star X-rays ? In order to pose a problem, such a companion must have a large enough X-ray Ñux to compete with the B V star, and it must be spectrally indistinguishable from the B V star. As we discussed above, stars between mid-B and mid-F are unlikely to be bright enough, but how X-ray bright are the late-type dwarfs that have X-rayÈemitting coronae ? The SunÏs quiescent X-ray luminosity is a little over 1027 ergs s~1 & Schmitt which is negligible compared (Haisch 1996) , with all but the very dimmest of the B V stars in our sample. In a reanalysis of Einstein observations of late-type dwarfs, & Snowden estimated a mean X-ray lumiSchmitt (1990) nosity of about 1.5 ] 1028 ergs s~1. However, very young stars seem to have higher mean X-ray luminosities (Bricen8 o et al.
There are only about four stars in our sample 1997). that are detected at or below a few times 1028 ergs s~1. In general, this determination of the mean X-ray luminosity for late-type stars implies that we do not need to worry about contamination in any of the very early B V stars we detect with ergs s~1. L X Z1030 A further indication of contamination of the X-ray spectrum by a binary companion would be the observation of a hard X-ray spectrum. As we show in the next section, B V stars have very soft X-ray spectra (with only a few exceptions). The power-law indices that we Ðtted are quite negative, whereas the power-law indices Ðtted to late-type dwarfs are almost always positive, and the maximum temperatures are usually over 10 MK et al. The (Schmitt 1990 ). isothermal Ðts we made to our low-count sample stars, listed in below, show that with the mild exception of Table 7 k Eri, these stars also have very soft X-ray spectra, inconsistent with the much harder spectra of late-type stars and especially of young late-type stars et al. The (Bricen8 o 1997). star k Eri, as we discussed in is somewhat contaminated°3, by a bright companion that we were able to separate crudely from the B V star primary. However, it is likely that some of the X-ray counts we extracted are due to the companion, and an analysis of the companionÏs ROSAT spectrum shows that indeed it is much harder than that of k Eri itself. Therefore, we have most likely overestimated its spectral hardness and temperature.
Another experimental test of the contribution of binary companions to the overall X-ray Ñuxes of B star binary systems was carried out by & Schmitt Bergho fer (1994a). These authors made follow-up ROSAT HRI observations of eight known binary systems with B star primaries that had been detected with the PSPC instrument in the ROSAT all-sky survey. These binaries all have separations large enough to be resolved spatially by the HRI but not by the PSPC. In seven of the eight cases, the primary X-ray source proved to be the B star. Even more interesting to note is that in all seven of these cases, the later type companions were not detected at all. This is further evidence that latetype dwarfs that are in binary systems with B stars have relatively low X-ray luminosities.
In summary, although X-ray emission detected from any given B V star may be attributed to a purported binary companion, statistical arguments about the X-ray Ñux level, the spectral properties, and empirical evidence regarding the likelihood of detecting X-rays from such a companion strongly argue against contamination in most cases. One to Vol. 487 a few of the stars we detect in our sample might have their X-rays attributed to binary companions, but for a large majority of the detections in the sample, most of the X-rays are likely to be intrinsic. We consider that the strongest overall evidence for this is the very soft X-ray spectra of nearly all of the B stars that have Ñuxes low enough to make contamination a concern.
SPECTRAL ANALYSIS
Spectral analysis holds the possibility of diagnosing plasma temperatures, densities, velocity Ðelds, and compositions. However, X-ray spectral analysis is still at a rudimentary stage compared with astronomical spectroscopy in the optical and UV regimes. There are only a handful of independent-resolution elements in ROSAT PSPC data, so we must restrict ourselves to simpliÐed models with only a few adjustable parameters. However, we also should make an e †ort to use the most realistic model possible to Ðt the data. For both wind shocks and coronal emission mechanisms, one expects to have multiple physical sites of emission that both individually and as a whole have a wide range of densities and temperatures. Because the origin of the X-ray emission of B V stars is not known with a high degree of certainty, it makes sense to forgo spectral models that are based on a detailed description of a speciÐc mechanism. We therefore did not use speciÐc shock models or coronal models to Ðt the ROSAT data. Rather, we Ðtted an empirical X-ray emission and transfer model and derived values of basic physical quantities that must be reproduced by any detailed model that purports to describe the highenergy processes on OB stars.
In et al. we introduced a model based on a Cohen (1996) , continuous temperature distribution, or di †erential emission measure (DEM). To keep the number of free parameters to a minimum, we assumed dEM/dT P T a over some temperature range. The other component of this model is local attenuation, the form of which depends on the assumed spatial distribution of the hot X-rayÈemitting plasma relative to the cold absorbing wind. For the ROSAT PSPC data, we used three free parameters to describe the plasma temperature distribution, the power-law index, a, and the minimum and maximum temperatures, and T min The wind attenuation is completely speciÐed by the T max . assumed mass-loss rate and spatial distribution of the XrayÈemitting plasma from which we calculated a wind ionization distribution. The only other free parameter is the normalization, which is proportional to the total emission measure. This model therefore has no more free parameters than does the common two-temperature model.
These plasma temperature distributions were converted to high-resolution X-ray spectral models using the Table 4 ). Ðxed the electron density at n \ 1010 cm~3.
To approximate attenuation of X-rays emitted in a plasma distributed uniformly through the absorbing wind starting at some inner radius we have previously
derived a relationship between the observed Ñux, 1996) 
or equivalently,
where is the radius at which the optical depth is unity, R 1 is the radius beyond which X-rayÈemitting plasma is R 0 distributed throughout the wind, and is the emergent L X 0 X-ray luminosity. This is based on the "" exospheric ÏÏ assumption that all of the X-rays generated above the optical depth unity surface are seen, and that all those generated deeper in the wind than are absorbed et
We assume a b-velocity law of the form 1996).
where is the terminal velocity and is the radius of the v = R * star. This velocity law yields
where is the cross section per particle. We took b \ 0.8 p j for all the stars in our sample.
It turns out that wind attenuation of the X-rays is important only for stars earlier than B2, even if all of the X-rayÈ emitting plasma is in coronal structures near the stellar surface. Being most like O stars, these are the stars in our sample that are most likely to have wind shocks. Therefore, we feel that this empirical wind-shock model, using the exospheric approximation, is justiÐed for the very early B stars, and for the mid-B stars, wind attenuation is unimportant because of the very small expected mass-loss rates. In the case of v CMa (B2 II), et al. conÐrmed that Cohen (1996) models in which all of the attenuation arises in an overlying slab (and thus with attenuation of the form e~q) cannot Ðt the EUV E and ROSAT data from this star ; only models using the exospheric approximation gave good Ðts.
To implement the wind attenuation component of our X-ray spectral model, we had to make an assumption about the starsÏ mass-loss rates. As we described in the mass-°1, loss rates of B V stars are very poorly known. So for each star with a high-count spectrum, we Ðtted the data three times, once with the mass-loss rate and terminal velocity given by the application of the modiÐed wind theory (mCAK) using the a, k, and d parameters of Abbott (1982) and the et al. cooking formula, and two Kudritzki (1989) additional times : once with 3 times the theoretical value of and once with the value. We calculated the ioniza-M 0 /v = 1 3 tion balance in the absorbing wind material using our non-LTE statistical equilibrium and radiation transfer wind code described in et al. This code MacFarlane (1994). accounts for the photoionization by the X-ray radiation Ðeld. The wind temperature structure is adapted from the results of This code is too time consuming to Drew (1989). be used directly for model Ðtting. However, because the X-ray spectrum is an input to the wind ionization routine, we performed an iterative process in which each successive ionization balance was calculated using an updated input X-ray spectrum. We Ðrst Ðtted the ROSAT data assuming no wind attenuation. Then the best-Ðt model we derived was used as input to the wind ionization code, and the ionization balance in the wind was determined. Using this ionization balance, we reÐtted the ROSAT data assuming that wind attenuation is important. This led to a new bestÐt X-ray spectral model that was used as input to the wind ionization code, and the procedure was repeated. Usually only 2 or 3 cycles were needed to achieve convergence. The ionization balance thus derived for each case for each M 0 /v = star was then combined with the bound-free cross sections of each ion to give the mean energy-dependent cross section per particle used in We used the atomic cross equation (3). sections calculated by Cohen, & MacFarlane Wang, (1997) . Interstellar attenuation was accounted for by using the cross sections of & McCammon for a Morrison (1983) neutral, cosmically abundant gas. We used the hydrogen column densities determined from optical and/or UV spectroscopy for each star listed in
The model X-ray Table 1 . spectra, were then given by
and
where k is a normalization constant and is the emis-EM X sion measure. We took which is roughly con-R 0 \ 1.5R * , sistent with numerical simulations (Cooper 1994 ; For those stars having observations with more than a 1995). hundred total counts, we Ðtted this model, allowing the emission measure, and the plasma temperature dis-EM X , tribution parameters a, and to be free parameters. T min , T max We note that even if we have overestimated the e †ect on R 0 , our derived Ðts will not be drastic. If X-ray production begins at rather than the wind column density 1.2R * , 1.5R * , will increase only by about 50%.
We binned the PSPC pulse-height data so that there were at least 10 counts per bin, in order to be able to use the s2 statistic as the goodness of Ðt indicator. We Ðtted the models given by and used the *s2 criterion for equation (5) joint probability distributions Margon, & (Lampton, Bowyer to determine the conÐdence limits of each 1976) parameter. The best-Ðt model parameters and the 90% conÐdence limits are listed in for the eight stars to Table 5 which the power-law emission plus wind attenuation models were Ðtted. We list the Ðtted parameters for the models having the theoretical values of and for each M 0 v = star. For q Sco and m1 CMa, we also list the Ðtted parameters for the case with 3 times the theoretical values. M 0 /v = In we show several of the ROSAT PSPC pulse- Figure 1 , height spectra, including both the boron Ðltered and unÐltered (open) observations of b Cen. We also show the hardest and most anomalous spectrum in our sample, that of q Sco in this Ðgure. For one star, j Sco, we also show the best-Ðt model before convolving it with the instrumental response matrix in order to demonstrate the large number of emission lines in the intrinsic spectrum (and the overwhelming smoothing e †ect of the detector). a For each of the four adjustable parameters, the Ðrst column lists the value that leads to the best-Ðt model, and the second column lists the range of the 90% conÐdence limits.
b Because ROSAT is sensitive to gas with temperatures on a Ðnite range only, we have not allowed log or log T min \ 5.6 T max [ 7.7. c Models with having 3 times the theoretical value. For these two stars, these models are considered to be the best Ðt.
ÈFive ROSAT PSPC spectra of four stars : q Sco (a), m1 CMa (b), b Cen with (c) and without (d) the boron Ðlter, and j Sco (e). The j Sco and b Cen data are rather typical, whereas the q Sco spectrum is by far the hardest in the sample, and the spectrum of m1 CMa is intermediate in spectral hardness. The best-Ðt models are shown along with the data ; below that, the residuals from the model Ðt are shown. Note that the photon energy labels on the X-axes are only approximate, because of the poor spectral resolution of the PSPC instrument. For j Sco, we also show the best-Ðt model before it is convolved with the detector response matrix ( f ). Note the large number of emission lines.
Because the ROSAT spectral resolution is so limited, the total X-ray Ñux is model dependent, and we therefore calculated it on the photon energy range 0.1È2.4 keV from the best-Ðt models. In we list these luminosities, along Table 6 , with the ratio which has been found to be about L X /L Bol , 10~7 for O stars et al.
Besides the emer-(Pallavicini 1981). gent luminosities derived from the model Ðtting, for those stars with optically thick winds, we also list the total generated luminosities. For three of the eight stars for which we performed spectral Ðtting, there is wind attenuation in the best-Ðt models. For several more stars, wind attenuation is important if the mass-loss rates are underestimated. For the 19 stars without enough counts to warrant detailed spectral Ðtting, we have calculated the X-ray luminosities and upper limits from the ROSAT count rates. In order to convert from count rate to Ñux, we assumed that each star has a plasma DEM characterized by the parameters a \ [2.5, log and log The conversion factor
then varied between 3.9 ] 10~12 ergs cm~2 count~1 and 16.8 ] 10~12 ergs cm~2 count~1, depending on the value of the interstellar column density. In order to get a rough idea of the spectral propertiesÈ and hence the plasma temperature distributionÈof the stars with a smaller number of total counts, we Ðtted these data sets with isothermal & Smith models. Raymond (1977) We list the resulting temperatures in It should be Table 7 . noted that these temperatures are simply crude indications of the true di †erential emission measures. Note that we also list these best-Ðt temperatures for the eight stars that we Ðtted with DEM models. These can be used as a guide to interpreting the range of DEM model parameters implied by a given value of the isothermal temperature. For example, a Pav and h Car both have isothermal Ðts with T \ 2.7 ] 106 K, so we can assume that a Pav has an X-ray spectrum that could be Ðtted with a DEM model similar to that which Ðts h Car. Note that for the eight high-count having 3 times the theoretical value. For these two stars, these models are considered the best Ðt. M 0 /v = stars, the best-Ðt s2 values in these isothermal models are not acceptable. Additionally, we could not Ðt the a Ara data because it only contains 20 counts.
Let us brieÑy summarize some of the trends seen in the data. The quality of the Ðts have improved compared with the one-and two-temperature Ðts reported in The Paper I. only ones that we report on here that are not strictly accept- able according to statistical criteria are the Ðts to a Vir and m1 CMa. In the case of a Vir, this is probably due to systematic uncertainties in the relative calibration of the boron Ðlter detector response matrix and the detector response matrix for the unÐltered conÐguration. For m1 CMa, we obtain a much better Ðt when we use a model having 3 times the theoretical value. For this reason, we consider this M 0 /v = higher wind density model to be the best Ðt for m1 CMa. We assume the same for q Sco. These two stars are seen to have stronger UV wind features than other similar stars et al. and so assuming a higher wind (Walborn 1995), density is reasonable.
The most notable result is the high-detection rate of X-ray sources among the program stars. To assess the change in X-ray luminosity with decreasing stellar e †ective temperature, we show the ratio of X-ray luminosity to bolometric luminosity plotted against spectral subtype in Figure  In the cases of the three stars for which wind attenuation 2. is important, we show both the emergent and generated L X values. It can be seen that declines precipitously L X /L Bol from above the canonical O star value of 10~7 at B0 to 2 orders of magnitude lower at B2. It then levels o † beyond B2, although it is difficult to quantify because of the nondetections between B2 and B3. It is also difficult to draw conclusions about the late-B stars because we have only two stars in our sample with spectral type B5 or later, although both of these are detected. If one accounts for wind attenuation, then the generated X-ray luminosities among the very early B V stars approach For the 10~6L Bol . even denser winds of O stars, the generated luminosities would be expected to be even larger. It seems that the law is, to some extent, an artifact of the L X /L Bol B 10~7 traditional neglect of wind attenuation of the X-rays.
We do not show formal error bars on the values
The formal statistical uncertainties (90% con- Figure 2 . Ðdence limits) from the DEM model Ðtting are typically 10%. Uncertainties in the plasma codes are an additional source of error, but by far the largest source of error on these values is the uncertainty in the bolometric luminosity, which we estimate from the spectral types. These values are only accurate to perhaps 50%, but because we calculated them the same way for each star, we can assume that relative errors in the values are signiÐcantly less than L X /L Bol this. An additional source of uncertainty in the stars with optically thick winds is the total wind attenuation.
Another way to quantify the results of the spectral analysis, and speciÐcally of the derived emission measures, is to calculate the wind Ðlling factor and examine the trends in this quantity versus spectral subtype. We deÐne an emission measure Ðlling factor, where is † \ EM X /EM wind , E M X the observed X-ray emission measure and is the EM wind total emission measure of the entire stellar wind above r \ This analysis assumes, of course, that the X-rays are R 0 . formed in the stellar wind. If the wind is smooth and spherically symmetrical, it is straightforward to calculate the total emission measure available from wind material above a given radius. Based on the results of numerical simulations we take that point to (Cooper 1994 ; Feldmeier 1995) , be as discussed earlier. We further assume that the 1.5R * , wind velocity Ðeld is given by a b-velocity law with b \ 0.8 and use the values of the mass-loss rate and terminal velocity given in
We note that if rather than Table 2 . R 0 \ 1.2R * we will have overestimated the wind Ðlling factors by 1.5R * , a factor of 2. We also note that the Ðlling factor has been deÐned di †erently by other authors et al. we show the Ðlling factors and upper limits for the program stars as a function of spectral subtype. These values obviously increaseÈto well above unityÈwith decreasing stellar e †ective temperature. In we discuss some factors°6, that may mitigate this paradoxical result and draw some conclusions about the applicability of the wind-shock model of OB star X-ray emission.
DISCUSSION
The most interesting result of this ROSAT survey of 27 B V stars is the high-detection rate. In contrast to the ROSAT et al. all-sky surveys in which only 5%È10% of (Grillo 1992) the B stars were detected, we detect 20 out of 27 B V stars, for a rate of nearly 75%. Our much di †erent results were obtained for two reasons : the longer observations of nearby stars in our study provided a typical detection threshold that is almost 2 orders of magnitude below those of the surveys, and we chose stars that had very low interstellar column densities. This last point is especially important for B V stars, as opposed to O stars, because the very soft B V star X-ray spectra are especially prone to attenuation by the interstellar medium. The high-detection rate continues beyond the early-B V stars we observed in and Paper I extends to B7. Because decreases, the overall X-ray Ñux levels of B L Bol stars decrease as one looks to later spectral subtypes. But in fact we Ðnd they decrease much faster than the L X /L Bol B 10~7 relation dictates, as shows. However, the (Schmitt 1993 ; Bergho fer 1994a) . to be seen whether some of the nondetected stars in these surveys truly have negligible X-ray emission or whether they have ergs s~1, which is below our detection L X [ 1027 threshold. Three of the "" undetected ÏÏ stars in our sample, f Cen, g Aur, and g UMa, are in fact detected at the 2 p level, so perhaps deeper observations will reveal that most if not all B V stars are X-ray sources.
shows that the wind Ðlling factor increases Figure 3 rather steeply. Among the very early B V stars, the Ðlling factors are roughly 10%. This is signiÐcantly more than has been determined for several O stars et al. (Kudritzki 1996 ; Filling factors appropriate to the Feldmeier 1997a). line-force instability mechanism could be reconciled with our observations if the starsÏ mass-loss rates are a few times larger than current theoretical calculations predict. This Ðnding is similar to that for the B2 II star v CMa et (Cohen al. 1996) .
The very high Ðlling factors (of 10 or more) seen in the stars later than B2 present serious difficulties for explanations in terms of the line-force instability mechanism in the context of radiation-driven winds with reasonable mass-loss rates. Calculations predict that the line-force instability mechanism leads to low-density material being accelerated into reverse shocks and Ðlling factors of no more than 1% et al. Perhaps improve- (Cooper 1994 ; Feldmeier 1997a) . ments to the treatment of radiative cooling and the extension of the models to two dimensions, rather than the spherically symmetric one-dimensional simulations, may eventually modify this stringent requirement. It is not yet clear whether shell mergers farther out in the Ñow, as described by et al.
for O supergiants, Feldmeier (1997b) could lead to larger Ðlling factors. There is a general limit, however, to the Ðlling factor of shocked gas in a line-driven wind, because if the bulk of the wind is hot and highly ionized, then the wind material lacks the line opacity to provide for radiative driving by the photospheric radiation Ðeld. A Ðlling factor of roughly 10 could be generated if 1/10 of the wind were to be compressed by a factor of 100 and heated to temperatures in excess of 0.5 ] 106 K. This seems excessive, and it seems clear that some nonwind-shock mechanism must be invoked to explain the X-rays observed in at least some mid-and late-B stars.
If wind shocks can be ruled out, then one is left with magnetic/coronal mechanisms. Unfortunately, no direct evidence for the existence of magnetic Ðelds and coronae on B V stars exists. It has been suggestedÈagain because of X-ray detections of A and B starsÈthat young B stars may retain a portion of their natal magnetic Ðelds et al. (Schmitt and furthermore that di †erential rotation may lead 1993), to the formation of a corona in hot stars & Pringle (Tout 1995) .
If there was a reliable way to determine the ages of a large sample of B V stars, then it might be possible to determine if there is a correlation between age and X-ray properties. There are some indications that this might be the case. The four young B stars (they are members of binary systems in which the companion has not yet descended to the main sequence) detected with ROSAT by et al. all Schmitt (1993) have values signiÐcantly higher than we Ðnd for B V L X /L Bol stars later than B1.5. Also, q Sco, which has the largest of any of our sample stars, has been determined to L X /L Bol have arrived on the zero-age main sequence less than 106 years ago Furthermore, late-B stars that are (Kilian 1992).
known to have strong magnetic ÐeldsÈnamely, Bp/Ap starsÈin the young cluster NGC 2516 have been found recently to be moderately strong X-ray sources & (Dachs Hummel These two pieces of evidence suggest that a 1996). magnetic/coronal explanation might be a fruitful avenue to explore for mid-and late-B stars.
Additional evidence for coronal activity might come from spectral information. The coronae of K and M dwarfs are quite hard, with temperatures typically over 107 K or, alternately, positive power-law slopes in the di †erential emission measure et al.
Giants to the left of the (Schmitt 1990 ). "" dividing line ÏÏ near early K giants in the H-R diagram also have hard X-ray spectra, as do some active G and F dwarfs et al.
& Simon
Giants to the (Ayers 1981 ; Haisch 1982) . right of the dividing line do not show X-ray emission, but G and F dwarfs (like the Sun) have quiescent X-ray spectra that are quite soft, implying temperatures of only a few million kelvins & Schmitt Very few of the (Haisch 1996) . stars in our sample have spectra hard enough to be comparable to the coronal emission of K and M dwarf stellar coronae. However, because the coronae of B stars would not be produced by deep outer convective zones like the coronae on late-type stars are, it is by no means certain that they would have similar temperature distributions.
The plasma DEMs we derived are weighted strongly to lower temperatures. The power-law indices we found for the di †erential emission measure model are all consistent with values of a between [1.9 and [1.75, with the exception of k Cen. Most of the values are high K), but T max (T Z 107 this is probably unphysical. ROSAT is not very sensitive to gas with temperatures above 10 MK, and because the DEMs are strongly skewed toward cooler gas, even models with K may have only negligible amounts of T max \ 107.7 such hot plasma. For most of the stars, the lower temperature bounds are also poorly constrained since ROSAT is insensitive to plasma with K. In any case, the T min [ 105.6 di †erential emission measures we derived are weighted strongly to lower temperatures. This puts the X-ray spectra of these B V stars in relatively good agreement with the predictions of the line-force instability wind simulations et al. which show a lot of cooler (Cooper 1994 ; Cohen 1996) , (T B 106 K) plasma as compared with very hot (T B 107 K) plasma.
It is difficult to compare our results for B V stars with the results of X-ray spectral Ðtting of O stars because other investigators use di †erent types of models. Upon inspection, O star spectra look harder than B V star spectra (see, e.g., et al.
The canonical early-O star f Pup has Kudritzki 1996) . a relatively hard ROSAT spectrum that is Ðtted by a twotemperature wind emission model that includes wind attenuation et al.
The two temperatures, (Hillier 1993) . however, are only 1.6 and 5 MK, with nearly equal emission measures for the two components. The two temperatures are low, despite the hard spectrum due to the wind attenuation of (predominantly soft) X-ray photons et al. (Hillier This plasma temperature distribution may be compa-1993). rable to the DEMs we derive for most of the very early B V stars, but it is hotter than the isothermal models Ðt to the mid-and late-B V stars. Some O supergiants, however, have signiÐcantly harder X-ray spectra than f Pup or any of our sample of B V stars, with the exception of q Sco. For example, & Swank used Einstein SSS Cassinelli (1983) data to ascertain the presence of T [ 107 K gas on f Ori A (O9.5 Ia).
The hottest star in our sample, q Sco, seems to be an exception to many of the generalizations we have made about the B V stars. It has an unusually large X-ray luminosity of ergs s~1, and clearly it has the L X \ 2.2 ] 1032 hardest spectrum (see Recently, et al. Fig. 1 ).
Cohen (1997) have used ASCA observations to determine that a signiÐ-cant quantity of very hot MK) plasma exists on q (T Z 25 Sco. The DEM power-law slope we derive in this paper is quite negative, although the 90% lower conÐdence limit for the slope is higher than for any of the other stars, except k Cen. The ASCA results therefore imply that this decrease in the DEM as a function of temperature levels o † above about 107 K. Its wind Ðlling factor, while large, is not as large as some of the other starsÏ wind Ðlling factors, but that is only because the mass-loss rate of q Sco is quite high for a B V star. To the extent that wind shocks have difficulty explaining the q Sco data, this star may be linked with the mid-and late-B V stars that have too much X-ray emission to be understood in terms of wind shocks.
Two other stars in our sample, k Cen and m1 CMa, also have harder X-ray spectra than the rest of the sample : k Cen is a Be star and is one of the two stars in our sample that shows time variability ; m1 CMa is a b Cephei variable, but its spectrum is harder and stronger than those of the other three b Cephei variables in the sample. Perhaps these two stars represent intermediate cases between the extreme properties of q Sco and the softer, less intense X-ray emission of the bulk of B V stars.
The spectral models we employed include wind attenuation. In three casesÈq Sco, m1 CMa, and b CenÈwind attenuation is expected, based on the theoretical mass-loss rates. And in several others, wind attenuation is important if the mass-loss rates are larger than theory predicts. The primary result of the inclusion of wind attenuation is that the total X-ray luminosity generated in the wind does not escape. In and we show for the three Table 6 Figure 2, relevant stars the adjustments to the values that are L X /L Bol caused by including wind attenuation. One can only assume that this correction is larger still for the O stars because of their denser winds. Taking this into account, it becomes apparent that the law is an artifact of the L X /L Bol B 10~7 neglect of wind attenuationÈusing our notation, it should be stated as It seems that the increased L X 0/L Bol B 10~7. emission that occurs as one goes to earlier spectral subtypes is canceled relatively efficiently by increased attenuation, leading to a basically constant ratio of the emergent X-ray luminosity to the bolometric luminosity. Understood in this context, it is reasonable to assume that the L X 0/L Bol B 10~7 relationship breaks down at about B1, just where the winds become completely optically thin to X-rays.
The plasma temperature distributions we derive are also somewhat a †ected by the degree of wind attenuation. Because the energy dependence of the bound-free cross sections is such that the K-shell cross section of each ion is greatest at the threshold energy and decreases sharply beyond that, wind attenuation preferentially a †ects soft X-rays. When there is more wind absorption, the intrinsic spectrum must be softer as well as brighter in order to o †set the increased attenuation of soft X-ray photons. We do Ðnd more negative a-values in the cases where we increased the mass-loss rate by a factor of 3, and more positive values in the cases where we decreased the mass-loss rate. The wind ionization conditions we derived in these alternate cases were also somewhat di †erent. In some cases, however, the changes in the ionization balance were mitigated by the fact that increased wind densities lead both to enhanced recombination through the n2-dependence of this process and to greater ionization due to the need for a brighter and softer input X-ray spectrum. In any case, among our sample stars, the ionization fraction of He II ranges from 1% to 20% (He III is always dominant), and the dominant ionization stage of carbon, for example, ranges from C III to C V.
We have some additional information available to us that may help to constrain further the X-ray production mechanism in both the very early B V stars and the later B V stars. The time constancy that we found in the analysis mentioned in and described in Appendix A places some further°3 constraints on wind-shock explanations of X-ray production in the B0 and B1 stars. The upper limits, as well as the two detections, of variability amplitudes of roughly 10%È20% are in disagreement with the numerical simulations of line-force instability wind shocks. In these simulations, the X-ray emission is dominated by a few shocks that evolve quite rapidly, leading to variability of an order of magnitude or more on timescales of roughly 103 s (Cooper Of course, the simulations to date have been one-1994). dimensional, spherically symmetric, so that all shock zones are shells that subtend the full 4n steradians. This severely limits the total number of individual shocks that can exist in the wind at any one time. It is quite conceivable that full three-dimensional models could show much less variability as perhaps hundreds of individual shocks contribute to the stellar X-ray emission.
As mentioned in spherically symmetric wind models°1, have enjoyed a lot of success in explaining the mean properties of O star winds. However, there are both observational and theoretical reasons to believe that many stellar winds are not truly spherically symmetric. Be stars have geometrically thin, dense equatorial disks et al. and (Wood 1997), some OB stars have line proÐles that require two component wind models to Ðt the data et al. (Bjorkman 1994 ; Theoretical calculations show that equaPrinja 1997). torial density enhancements are expected in many rapidly rotating stars besides Be stars Cassinelli, & Bjork-(Ignace, man Furthermore, temperature di †erences across the 1996). stellar disk have been shown to lead to di †erent mass-loss properties in di †erent locations in a given stellar wind & Owocki (Cranmer 1996) . While it is true that equatorial compression, or in fact any density enhancement, will provide for more possible emission measure than in an equivalent spherically symmetric wind, in practice these e †ects will not generally lead to a large increase in wind-produced X-rays. The velocities in overdense wind Ñows are lower than those in a spherically symmetric wind & Owocki and so (Cranmer 1996) , large shock jump velocities and high-temperature shocks are less likely to be produced in overdense wind Ñows. In the line-force instability model, wind Ðlling factors are smaller in dense winds than in low-density winds, so that dense regions of a stellar wind are unlikely to produce signiÐcant excess X-ray emission Furthermore, (Cooper 1994) . the existence of fast, low-density streams and slower, denser streams in the same stellar wind does not automatically lead to strong shock interactions between the streams. For example, oblique shocks that occur when the stellar wind interacts with an equatorial disk do not have sufficient velocity di †erences to produce signiÐcant X-rayÈemitting plasma & Cassinelli One possible excep- (Bjorkman 1993 ). tion is in the corotating interaction regions that may occur in wind streams over starspots on rotating hot stars & Owocki (Cranmer 1996) . Finally, we may ask whether the two special types of stars in our sample, Be stars and b Cephei variables, have X-ray properties that di †er from the normal B V stars. If so, it might imply that rotation, circumstellar material, or pulsation plays an important role in X-ray production in earlytype stars. Unfortunately, it is difficult to make a fair comparison between the b Cephei variables and the other stars because b Cephei variables all fall within the same small region of the H-R diagram, and very few stars of similar spectral subtype and luminosity class are not b Cephei variables. However, the X-ray luminosities of the b Cephei variables lie between those of the B0 stars and those of the mid-B stars, as would be expected, and with the exception of m1 CMa, they have soft X-ray spectra similar to the other B V stars in our sample. A further investigation of the temporal properties of the X-ray emission of b Cephei variables has been carried out by Cohen, & CassinFinley, elli with much longer observations. These authors (1997) present evidence for modulation of the X-rays with periods consistent with the observed optical variability.
The Be stars in our sample fall mostly in the mid-B spectral subtypes, and a comparison between their properties and the properties of the normal B V stars of similar spectral type may shed some light on the X-ray production mechanism of all of the B V stars. Of the 22 stars with spectral type B1.5 or later, 15 are non-Be stars, and only eight of these are detected. In contrast, all seven of the Be stars, including a Col (B7 IV), are detected. We may ask if these two groups, Be stars and normal B V stars with spectral type B1.5 or later, have X-ray luminosities drawn from the same parent distribution. We considered the quantity for this comparison in an attempt to negate the L X /L Bol spectral type dependence of the X-ray luminosity. We used the ASURV survival analysis software package (Feigelson & Nelson to apply four di †erent statistical tests to the 1985) distributions of the Be and the B V stars. These tests L X /L Bol showed only marginal statistical signiÐcance, with the null hypothesis that there is no di †erence between the two distributions being rejected with a probability that ranged between 70% and 92%. However, we also used the KaplanMeier estimator implemented in ASURV to reconstruct the cumulative luminosity distributions of the two samples. It was necessary to use this technique because of the nondetections in the B V star subsample. We show the reconstructed distributions in Note that the Figure 4 . distributions are similar at the bright end, but they diverge at the low end. The median value for the Be stars is L X /L Bol about 3 times larger than that of the normal B V stars.
It is conceivable that, in general, there is less spread in the X-ray luminosities of Be stars than in the distribution of X-ray luminosities of non-Be B V stars. It could be that the rapid rotation, disks, or pulsation enhance(s) the X-ray production mechanism. An alternative explanation is that UV wind signatures in Be winds persist to later spectral subtypes Bjorkman, & Snow and so Ðlling (Grady, 1987) , factors may be the same, but Be stars have larger and
This implies that the Be stars that are B1.5 L X . or B2 may have wind-shock X-rays to a degree that nonemission B stars of the same spectral subtype would not, even if they have comparable wind Ðlling factors.
CONCLUSIONS
Long-duration, pointed ROSAT PSPC observations of 27 nearÈmain-sequence B stars that have low interstellar column densities have revealed 20 X-ray sources with luminosities ranging from to
. Most of the X-ray spectra are soft, and all are well described by thermal emission models having continuous temperature distributions (DEMs) that are heavily weighted to cooler plasma temperatures. Wind attenuation is included in the spectral models and is found to be important for the three stars with the densest winds. The X-ray Ñuxes from all of the stars are quite constant, with only two stars showing marginal variability at the 10%È20% level.
We Ðnd that a general wind-shock picture can explain the observed X-ray properties of most of the very early (B0 and B1) B V stars in our sample, but only if the theoretical mass-loss rates for these stars are underestimated by a factor of a few. However, X-rays from stars later than about B1.5, as well as the unusual star q Sco, are very difficult to explain in the context of any reasonable wind-shock scenario. Youth and the properties associated with Be stars may have some bearing on the production of X-rays in sources too strong to be explained in terms of wind shocks.
Some of the questions raised here regarding the origins of X-ray emission in mid-B V stars and the transition from the X-ray properties of very early B V stars to these later spectral subtypes could be addressed with further observations and modeling. The unusual sources such as q Sco are generally distant and therefore have low Ñuxes, so a dedicated project to observe a larger sample of mid-and late-B V stars with a next-generation high-throughput X-ray telescope would provide a more robust estimate of some of the properties that we have begun to use as discriminants of the X-ray production mechanism. Furthermore, searches for correlations between X-ray properties and age would be useful in constraining models of X-ray production in B V stars. Finally, a reanalysis of the mass-loss rates of B V stars, taking X-ray photoionization of the stellar winds into account, might help resolve the Ðlling factor discrepancy in the very early B V stars.
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APPENDIX A TIME VARIABILITY ANALYSIS
In some cases, the several kilosecond long observations were taken nearly continuously, and in other cases, they were split into several sections spanning periods of days and, in a few cases, years. Because the spacecraft wobbleÈemployed to prevent point sources from being obscured by window support wiresÈcan introduce a periodic signal at about 400 s and less, we generally tested only for longer periods. When several discrete observations were separated by more than a few kiloseconds, we compared the count rates of each observation in order to test for longer term variability. For the more nearly continuous observations, we binned the data into 402 s bins in order to average over the wobble period. For longer observations and observations with gaps, we made additional light curves with coarser binning. We stress that because of the wobble period, and also due to the modest time coverage, our data are only capable of showing signiÐcant evidence of variability on a narrow range of timescales (a few 102È104 s and, in a few instances, over timescales of a year, but with very sparse sampling).
We performed time variability analyses only on those eight stars for which we collected sufficient data to form a high signal-to-noise ratio light curve. We did not test for periodic variability associated with b Cephei pulsations, which occurs on timescales of D6 hr. This issue is explored in et al. Finley (1997) . For all light curves, we Ðrst tested the null hypothesis where the data are produced by a constant source. We calculated the s2 statistic for each light curve and a model of a constant source with a count rate equal to the weighted mean of all of the data points. The probability that a s2 value smaller than that found would be obtained for a truly constant sourceÈroughly interpreted as the probability, P(s2, l), that the source is variableÈis given in Table C-4 of We consider data Bevington (1969). sets with P(s2, l) [ 0.95 to exhibit signiÐcant evidence of source variability. The s2 and corresponding P(s2, l) values for the 402 s bin light curves are given in along with the weighted means and the weighted standard deviations, Table 8 ,
which are a generic indicator of the degree of variation in the data. We also show the weighted mean uncertainty in the data,
as a measure of the variation in the data due to statistical Ñuctuations. Only two of the data sets have indications of variability : k Cen and the b Cen observation taken without the boron Ðlter. None of the other stars show any indication of variability when the light curves are made with larger bins or if the total count rates of each separate observation are compared with each other.
The k Cen data consist of four observations of approximately 1 ks separated by several 104 s. Looking at the four subsets individually, only the third observation shows statistically signiÐcant variability. When we considered the mean count rates of the four separate observations, the hypothesis of a constant source generating the data could be rejected at the 94% level. So there appears to be some evidence for variability in the k Cen data on timescales of a few hundred seconds and up to a few 104 s. We also tested for variability in light curves made from only hard counts (energy channels 50È201) and from only soft counts (channels 11È40). The "" hard ÏÏ light curve showed marginal variability (null hypothesis rejected at the 93% level), whereas the "" soft ÏÏ light curve did not display any variability. Whether the X-rays are generated in wind shocks or in coronal plasma, the process is complex and is likely to lead to variability with both stochastic and periodic components. Absent a speciÐc model, we choose to quantify the amplitude of the variability by examining the ratio of the variance to the mean, s/k. This value will be inÑated because of statistical errors. For that reason, we calculated the mean statistical uncertainty, SpT, in order to provide an estimate of the fraction of the variation that is due to measurement uncertainties. The variance of the 402 s bin light-curve data for k Cen is 40% of the mean and is signiÐcantly larger than the mean measurement error per datum, implying that this Ðgure is not dominated by statistical uncertainty. For the distribution of the mean count rates of the four separate observations, the amplitude as given by the variance is 20%. Again, the measurement error is small compared with this. This implies that the variability is primarily, but not entirely, on timescales less than a few 104 s.
The b Cen data consists of several groups of short observations (a few hundred seconds) with a half-year gap between the two observing seasons. While the boron Ðlter observations do not show any variability, the unÐltered ones do. This is likely due to the better signal-to-noise ratio of the unÐltered data. The mean count rates of the two sections of data taken a half-year apart are consistent with each other ; however, there is evidence of variability on all the shorter timescales that we sampled. The 402 s light curve is inconsistent with a constant source at better than the 99% level. The light curve consisting of the means of the six discontinuous sections also indicates variability at the 97% conÐdence level. SigniÐcant variability for b Cen occurs only in the data from the second observing season.
The variance of the b Cen data in the 402 s bin light curve is about 10% of the mean, and the peak-to-peak variation (again, only including bins with detector on-time exceeding 200 s) is about 15% of the mean count rate. For the light curve with the larger 5000 s bins, the variance is also about 10% of the mean. We therefore cannot state whether the variability is stronger on D103 s timescales or on D104 s timescales. When we subdivided the counts into soft and hard light curves, we found that only the soft light curve showed signiÐcant variability, and even then only on short (D103 s) timescales. Of course, the lower signal-to-noise ratios in these soft and hard light curves make it more difficult to detect variability.
In summary, only two of the eight stars show any indication of variability, with the upper limits of the variability amplitudes of the other six stars being in some cases less than 10%. The variability in b Cen is minor, with an amplitude of about 10% as given by the ratio of the variance to the mean count rate. The variability in k Cen is not signiÐcantly stronger, but the timescale appears to be shorter.
